Epilepsy results from aberrant electrical activity that can affect either a focal area or the entire brain. In treating epilepsy with drugs, the aim is to decrease seizure frequency and severity while minimizing toxicity to the brain and other tissues. Antiepileptic drugs (AEDs) are usually administered by oral and intravenous routes, but these drug treatments are not always effective. Drug access to the brain is severely limited by a number of biological factors, particularly the blood-brain barrier, which impedes the ability of AEDs to enter and remain in the brain. To improve the efficacy of AEDs, new drug delivery strategies are being developed; these methods fall into the three main categories: drug modification, blood-brain barrier modification, and direct drug delivery. Recently, all three methods have been improved through the use of drug-loaded nanoparticles.
INTRODUCTION
Epilepsy is characterized by abnormal electrical activity within the brain, which can result in either generalized or partial seizures. Generalized seizures are widespread, affecting both hemispheres of the brain. In contrast, partial seizures originate at a focus and are isolated to specific areas of the brain. The presence of a focal lesion can sometimes be detected by electroencephalographic readings and functional magnetic resonance imaging, 1 allowing for the possibility of targeted treatment to the affected area. In either generalized or partial seizures, the goal is to deliver antiepileptic drugs (AEDs) to the brain in quantities sufficient to reduce the frequency and severity of seizures without causing adverse effects.
The current approach to drug therapy of seizures involves producing high levels of AEDs in the blood, through the use of pills or of intravenous injections. In either case, drug must enter the brain by crossing from the blood into the brain tissue. This transvascular route seems reasonable, given the high vascularity of the brain. Comprised of 100 billion capillaries, separated by only 40 m, 2 the intricate network of intracranial vessels has the potential to distribute drugs throughout the whole brain.
Nonetheless, these methods are severely limited by obstacles that prevent AEDs from reaching the brain at therapeutic concentrations that can be maintained over time. The biggest obstacle is the blood-brain barrier (BBB). Structural characteristics of the brain capillaries contribute to tight regulation of molecular transport from the blood into the brain interstitial fluid (FIG. 1) : the absence of fenestrae in endothelial cells, the presence of tight junctions between endothelial cells, a decreased number of pinocytotic vesicles, 3 and the direct communication between endothelial cells and astrocytes. 4 As a result, only low molecular weight (Ͻ1000 Da) lipidsoluble molecules can freely cross the BBB. In addition, molecular efflux pumps, which use cellular energy to pump drugs that might cross the BBB back into the vessel lumen, decrease the ability of many prospective AEDs to accumulate in the brain. Even before drugs can reach the brain, factors such as systemic toxicity 5 and macrophage phagocytosis within the reticuloendothelial system 6 limit the success of the transvascular route. Several new approaches are being developed in an attempt to increase the entry and persistence of AEDs in the brain. The main strategies are drug delivery systems, prodrugs, efflux pump inhibition, hyperosmolar BBB opening, and the circumvention of the BBB through direct drug delivery to the ventricles and cortex. In addition, gene and cell therapies 5 for the treatment of epilepsy are also currently being developed, although these are outside the scope of this review.
DRUG MODIFICATION
An alternative to delivering free AEDs to the brain is to encapsulate the drugs within a nanoscale delivery system (FIG. 2) . Polymer nanoparticles (NPs) and liposomes are the most popular, but several other means of delivery have also been studied including dendrimers, micelles, carbon nanotubes, emulsions, solid lipid NPs, and nanostructured lipid carriers. [7] [8] [9] [10] (Liposomes are indeed nano-sized particles, but in this review we use NP to refer to particles made of solid polymers with dispersed or encapsulated drug.) Compared with liposomes, NPs possess superior stability when placed in both biological fluids and under storage conditions, and are easier to prepare. 11, 12 Another advantage of NPs is their potential to produce sustained and controlled release of the drug over time; liposomes generally do not have this potential, although a few studies claim that it is possible to tailor liposomes to release drugs in a sustained fashion. 13, 14 Both NPs and liposomes protect drugs from in vivo degradation, while reducing toxicity. 15, 16 
Nanoparticles
Nanoparticles can be as small as 10 nm and as large as 1000 nm, and are typically composed of biodegradable polymers such as poly(alkylcyanoacrylates), polyesters such as poly(lactic acid), poly(glycolic acid), poly(-caprolactone) and their copolymers, poly(methylidene malonate), and polysaccharides. 12 Poly(lactic-co-glycolic acid) (PLGA) is one of the most common polymers used in making NPs, because of its safety, biocompatibility, and long use in delivery systems and devices approved by the U.S. Food and Drug Administration. The degradation properties of PLGA can be tailored to desired applications, by changing the ratio of the copolymers.
The method for NP synthesis depends on the size, solubility, and the type of drug to be encapsulated (FIG. 3) . For delivery to the brain, there is probably an optimal size for NPs: small enough to travel through the physical restrictions presented by the brain interstitial space (ϳ50 nm 17 ), but large enough to allow for sufficient drug loading. Size can be tailored by altering the NP-making process. 18, 19 The surface charge of the NP can be an important feature in its effectiveness, because neutral or negatively charged surfaces experience a greater volume of distribution when directly delivered in the brain 20 ; surface charge can be modified in the fabrication process in a variety of ways. In addition, the NP-making process can be altered to encapsulate both hydrophobic and hydrophilic drugs (FIG. 3) . 21 Once the drugs are loaded into the NPs, they are released through a combi-
FIG. 1.
Brain capillary endothelial cells and astrocytes of the BBB serve to regulate the passage of molecules from the blood into the brain. Several pathways exist to facilitate crossing of essential molecules into the brain, and can be exploited to enhance the entrance and accumulation of antiepileptic drugs into the brain parenchyma. A: Hydrophilic agents that are soluble in water can cross the BBB between the endothelial cells via tight junctions; however, passage is highly constrained. B: In contrast, hydrophobic agents can easily penetrate the phospholipid membranes of brain capillary endothelial cells and readily traverse the BBB. C: Transport proteins are present on the surface of the endothelial cells to aid in the crossing of substances such as monosaccharides, amino acids, peptides, nucleosides, choline, and organic cations. AZT ϭ azidothymidine. D: In addition, receptors for transferrin, insulin, insulin-like growth factor, lipoproteins, and leptin are also exposed on the surface of the endothelium to aid in penetration via transcytosis. E: Adsorptive transcytosis allows for positively charged molecules to pass through the BBB. Adapted by permission of Macmillan Publishers, Ltd., from Abbott et al.
nation of desorption, diffusion, and polymer degradation or erosion. 22 In vivo, variables such as the molecular weight of the polymer and mechanism of erosion (bulk or surface) affect the speed of drug release, which can vary from a few hours or days to many months.
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Liposomes
Liposomes are self-assembled structures with properties similar to biological plasma membrane: an aqueous core is surrounded by single or multiple bilayers of phospholipids (FIG. 4) . Liposomes range in diameter from approximately 50 nm to 1 m. 11 The unique arrangement of aqueous and lipid components allows for the encapsulation of hydrophilic, hydrophobic, and amphiphilic drugs within liposomes (FIG. 5A) . 12 Liposomes deliver drugs to cells by liposome entry into the cell or by release of drug into the extracellular space, with subsequent diffusion of drug through the cell plasma membrane. To provide the opportunity for stimulus-dependent release of drugs from liposomes, temperature-sensitive and pH-sensitive liposomes have been developed. Temperature-sensitive liposomes release the encapsulated drug in response to an increase in temperature (to 41°C-42°C) applied at the target site, 24 whereas pH-sensitive liposomes discharge their drug contents in response to an acidic environment. 25 As with NPs, liposomes delivered to the brain can be designed to meet specific requirements of size 17 and charge 20 to provide optimal volume of distribution.
Stealth polymers
Encapsulating drugs into either liposomes or NPs protects the drugs from in vivo degradation and reduces toxicity; however, once delivered by intravenous injection, ordinary NPs and liposomes are cleared from the plasma within a few minutes 26 due to opsonization and subsequent phagocytosis by the cells of the reticuloendothelial system. 11 To increase circulation time, polymers such as poly(ethylene glycol) (PEG), polysaccharides, poly-
FIG. 2.
Major classes of nanocolloidal carriers used in drug delivery. A: Polymeric nanoparticles (NPs) are typically made of biodegradable polymers, and entrap drugs via encapsulation or polymer-drug conjugation. B: Liposomes are made up of phospholipids and contain an aqueous core surrounded by a lipid bilayer. Hydrophilic drugs can be incorporated into the core; hydrophobic and amphiphilic drugs can be integrated into the bilayer. C: Polymeric micelles are formed in an aqueous environment from the associations of block copolymers containing both hydrophilic and hydrophobic segments. The hydrophobic core can be loaded with lipophilic drugs, and the hydrophilic surface serves to increase the stability of the micelles in water. D: Dendrimers contain many polymeric monomers that form branched, tree-like structures, allowing drugs to be attached to its many arms. E: Carbon nanotubes, made of benzene rings, can carry drugs inside the lumen of the tube or attached to the sides.
(acrylamide), and poly(vinyl alcohol) have been conjugated to the surfaces of NPs and liposomes. The addition of these tethered polymer chains produces what is termed a stealth character; that is, the particles are no longer opsonized or recognized by the reticuloendothelial system and therefore circulate for longer periods.
Poly(ethylene glycol) is the most commonly used polymer for producing stealth particles. 27 It is a hydrophilic polymer that resists the binding of plasma proteins (FIG. 5B) , thus preventing opsonization and recognition by phagocytes. 11 In vivo, coating the surfaces of NPs and liposomes with PEG increases circulation times from several minutes to many hours [27] [28] [29] [30] [31] ; an example is shown in Figure 6 . The effectiveness of PEG depends on chain length and surface density, with the latter being more important. From mathematical estimations based on the principles of free energy, it appears that longer and more densely packed PEG chains create the most favorable conditions for preventing plasma protein binding. 32 The PEG can be incorporated onto the surface of colloidal carriers through covalent attachment, physical entrapment, adsorption, or as a copolymer. 33 Even though the incorporation of PEG has been shown to increase circulation time, there is no guarantee that PEG-modified NPs and liposomes delivered through intravenous injection will cross the BBB. Targeting moieties must also be added to the nano-delivery systems, in addition to PEG, to facilitate penetration of the BBB.
Targeting
Ligand-specific transport systems are essential for delivery of nutrients across the BBB. Brain capillaries contain carrier-mediated transport systems for monosaccharides, amino acids, peptides, choline, and organic cations, and receptor-mediated transcytosis systems for substances such as lipoproteins, transferrin (Tf), insulin, insulin-like growth factor, and leptin (FIG. 1) . 34 Because these physiological transport systems move large numbers of molecules into the brain every minute, they are attractive targets for drug design. These carrier systems can be used to transport small drugs and proteins, such as L-dopa for treating Parkinson's disease, and antibodies.
One idea for increasing the uptake of particulate delivery systems into the brain involves targeting by incorporation of ligands corresponding to these carriers or endocytosis systems, which will facilitate transport across the BBB. 35 Targeting ligands can be added directly or indirectly to the colloidal carriers. Targeting is most effective when the ligands are conjugated to the ends of the PEG chains (or other spacer molecules);
FIG. 4.
Structures of common phospholipids used in making liposomes. Each type of phospholipid contains a hydrophilic head group (R 3 ) and two hydrophobic tails (R 1 , R 2 ). In aqueous solution, the hydrophobic tails will segregate together to form a bilayer structure, with the hydrophilic head groups facing outward into the solution on the outside and into the aqueous core on the inside.
FIG. 5.
Liposome structure and alterations for enhanced circulation and BBB penetration. A: Hydrophilic drugs (a) can be entrapped within the aqueous core of the liposome, and hydrophobic or amphiphilic drugs (b) can be incorporated into the lipid bilayer. B: Stealth polymers, such as poly(ethylene glycol) (PEG) (c), can be conjugated to the liposome surface to resist protein adsorption (d) and result in an increased plasma circulation time. C: To aid in targeting the liposome to and across the BBB, ligands can be attached directly to the surface (e) or to the end of the PEG chains (f). The latter conformation is ideal, because direct surface conjugation can cause the ligand to experience steric hindrance from the PEG chains in their uncoiled state.
addition of ligands to the surface of the carrier can be hindered by steric effects, precluding target-ligand contact and recognition (FIG. 5C) . 36 One limitation of this technique is that these systems mimic natural substrates, so competition with natural compounds is likely to occur.
To take advantage of carrier-mediated transport systems, natural substances, such as mannose and choline, have been attached to the surface of colloidal carriers. The incorporation of mannose derivatives onto liposomes has yielded mixed results. Whereas one investigation found that the targeted liposomes were able to cross the BBB via the glucose transporter and appear in the mouse brain, 37 another study did not find that brain uptake for targeted liposomes was increased, compared with control liposomes, in the rat brain. 38 Researchers have used a variety of approaches to examine enhanced transport of particles across the BBB. The transport of charged NPs coated with dipalmitoyl phosphatidyl choline and cholesterol were investigated in an in vitro model of the BBB containing both bovine brain capillary endothelial cells and rat astrocytes. 39 Nanoparticles coated with choline exhibited an enhanced penetration of the BBB, three to four times greater than uncoated NPs. It is likely in this in vitro model that the NPs were able to cross by the choline transporter on the brain capillary endothelial cells, 40 although it is not clear how well this model reflects in vivo BBB behavior.
In another study, MRZ 2/576, a noncompetitive NMDA receptor antagonist, was incorporated into NPs composed of poly(butylcyanoacrylate) with polysorbate 80 coated on the surface. 41 When administered through intravenous injection, the anticonvulsant activity of free MRZ 2/576 lasted for only 5 to 15 min; however, entrapment of MRZ 2/576 into the NPs served to increase its antiepileptic effects up to 210 min. In this case, it is speculated that the polysorbate 80 coating on the NPs binds to apolipoproteins B and E when it comes in contact with blood. 42 This newly formed lipoprotein coat, which is made up of natural lipoproteins, might mediate transport across the BBB via the low-density lipoprotein receptors on brain capillary endothelial cells. 42 Some issues to resolve in using this method include the desorption of the polysorbate 80 coating from the NPs, limited time of therapeutic effectiveness due to rapid NP degradation, and the associated toxicity that can result from either the polymer or the high concentrations of surfactant. 43 The receptor-mediated transport of Tf can also be exploited to increase the penetration of nanosystems across the BBB. Nanoparticles made of chitosan, a natural polymer, were produced using avidin-biotin conjugation to attach the monoclonal antibody, OX26, to the end of PEG chains that were incorporated on the particle surface. 44 The OX26 antibody promotes BBB penetration through the Tf receptor (TfR) and has been found to be more successful than using Tf itself. (The normal amount of Tf in the plasma is sufficient to nearly saturate its receptors; therefore, any carrier coated with Tf would have a difficult time crossing the BBB via the TfR due to competition with the physiological levels of Tf. OX26 exhibits increased efficacy over Tf because it binds to an extracellular domain on the TfR that differs from the Tf binding domain.) When fluorescently labeled NPs with and without OX26 were administered through intravenous injection in mice, fluorescence appeared in the brain only with antibody-targeted NPs, indicating the facilitation of BBB crossing with the addition of OX26. 44 Other studies with immunoliposomes and OX26 have also found promising results. [45] [46] [47] [48] As an alternative to targeted nano-carriers, free drug can be delivered across the BBB by having a structure similar to the endogenous substances that are transported into the brain. A prime example is the AED gabapentin, whose ␥-amino acid structure mimics the laevo form of naturally occurring large neutral ␣-amino acids. The structural likeness between gabapentin and the L-type amino acids suggests that gabapentin is able to cross the BBB by the L-type amino acid transporter system. 49 However, in using this technique, problems associated with free drugs still remain, including systemic toxicity and in vivo degradation.
Prodrugs
Prodrugs are made of a drug attached to a distinct compound that is removable via enzymatic cleavage or hydrolysis in vivo. The prodrug is inactive; an active drug is formed by liberation from the prodrug, with the release of an additional compound or moiety. The attached moiety can serve to make the prodrug more lipophilic, therefore increasing its tendency to cross the BBB. A prodrug of valproic acid (VPA), DP-VPA (DP16), was developed by this strategy. DP-VPA is synthesized by linking VPA with lecithin, a phospholipid, which ensures the inactivation of the parent drug in the systemic circulation. 50 Once DP-VPA reaches the seizure focus, active VPA is released following cleavage of lecithin by A 2 phospholipases, which are overactive at the target site. Unnecessary activation of the prodrug is prevented when the seizure stops, because enzymatic activity decreases as the neurons exit their excited states. 51 By limiting the activation of the prodrug to the seizure focus, systemic toxicity is greatly reduced. In several animal models of epilepsy, DP-VPA is more effective at preventing seizures than is VPA; however, the prodrug does not have an anticonvulsive effect in all seizure models. 51 Another prodrug, fosphenytoin, is made of the parent drug phenytoin and an attached phosphate ester. 52 The phosphate ester renders the prodrug inactive, and increases the water solubility of phenytoin. When infused into muscle or directly into the bloodstream, fosphenytoin is cleaved by naturally occurring alkaline phosphatases to yield active phenytoin. In addition to phenytoin, its metabolism yields phosphate and formaldehyde; however, the amounts produced are low, and no toxicity has been described to date. 52, 53 Compared with phenytoin, fosphenytoin can be administered more rapidly through intravenous infusion and is associated with a reduction in discomfort at the delivery site. 54 In a clinical study involving 81 patients with status epilepticus, fosphenytoin exhibited anticonvulsant effects in 76 of the patients.
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XP13512 is an isobutanoyloxyethoxy carbamate prodrug of gabapentin. 52 In vivo, XP13512 is transported by the monocarboxylate transporter type 1 and the sodiumdependent multivitamin transporter, both of which are expressed throughout the intestine. The prodrug is cleaved by endogenous esterases that release the active gabapentin; rapid metabolism of the prodrug was observed in tissue preparations of the intestine and liver in various species, including humans. 55 Following oral ingestion in monkeys, the bioavailability of XP13512 was greatly enhanced over the parent drug (84% vs 25%, respectively).
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BBB MODIFICATION
Efflux pumps
An alternative approach to enhancing transport across the BBB is to couple drug delivery to manipulations that transiently modify the permeability of the barrier. P-glycoprotein (Pgp), multidrug resistance-associated proteins (MRP), and the breast cancer resistance protein (BCRP) are members of the ATP-binding cassette (ABC) superfamily. ABC transporters, expressed on the apical membrane of brain capillary endothelial cells, hydrolyze ATP to move molecules against their concentration gradients into the systemic circulation; these transporters have the potential to affect the fate of drug localization within the CNS. 57 In patients with intractable epilepsy, Pgp, several of the MRPs, and BCRP are overexpressed in epileptogenic brain tissue, within brain capillary endothelial cells, astrocytes, and neurons. [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] Pgp is translated from ABCB1, a member of the ATP binding cassette gene family (previously MDR1), and Pgp expression is augmented in drug-resistant epileptic patients. 58 The inability of some epileptic patients to benefit from AED treatment may be due to the effective pumping of these drugs out of the brain into the systemic circulation, which prevents therapeutic concentrations from being achieved in the brain.
Blocking ABC transporters in the brain has been investigated as a possible means of increasing the success of anticonvulsant treatment in these patients. The pumping action of Pgp is inhibited by verapamil, a calciumchannel blocker. As an example of this approach, verapamil and AEDs were administered to a young woman with drug-resistant epilepsy; the patient acquired a greater control over her seizures, and so experienced an enriched enjoyment of daily life. 68 In another study, 69 verapamil and a variety of AEDs were given via intravenous infusion to an 11-year-old boy with status epilepticus; the patient was unconscious and resistant to the usual AED treatment. One and a half hours after vera-pamil administration began, the seizure state ceased and the boy became conscious. The favorable outcomes experienced by these two patients may not be solely due to the inhibition of Pgp 70 ; verapamil is a nonspecific, firstgeneration inhibitor of Pgp and can also affect calcium channels and prevent the conversion of AEDs to metabolites. 71 More specific inhibitors may be needed. Probenecid, an inhibitor of MRP1/MRP2, was tested for its effects on the ability of phenytoin to accumulate in the rat brain. 59 At 30 min before intraperitoneal administration of phenytoin, probenecid was delivered intracranially through a microdialysis probe into the motor cortex. Treatment with probenecid significantly improved the concentration of phenytoin in the brain extracellular fluid. Other investigations supported these observations by comparing the brain:blood phenytoin ratio with and without the addition of probenecid 72 ; rats receiving the MRP inhibitor experienced higher levels of phenytoin in the brain.
Despite the positive findings achieved through the inhibition of efflux pumps, a difficulty remains, in that it is not clear that most AEDs are substrates for Pgp, MRPs, and BCRP. 73 None of the traditional AEDs appear to be substrates for BCRP, suggesting that the unresponsiveness of some epileptic patients to drug treatment is not due to an increase in the presence of this transporter at the BBB. 74 Interpretation of results is further complicated by the discovery that the ability of efflux pumps to effectively transport substrates can vary between species. 73 Thus, more research must be conducted to further understand the activity of efflux pumps on AEDs.
Hyperosmolar BBB opening
Another approach to altering the functionality of the BBB is to increase the osmolarity of the blood flowing through brain capillaries. One way to accomplish this is to inject a hyperosmolar solution of 25% mannitol intraarterially. 75 The osmolarity due to mannitol reduces the size of brain capillary endothelial cells and induces widening of the tight junctions between them, thus increasing the permeability of the BBB to substances, including drugs. The advantage of this technique is that its effects are short lasting and spontaneously reversible; after mannitol administration, the BBB permeability is greatly enhanced for approximately 40 min, but permeability returns to normal within approximately 8 h. 76 Ideally, the time that the BBB is open should be long enough to get the drug from the systemic circulation into the brain in therapeutic quantities, but short enough to limit both edema and toxicity, which are possible adverse effects of this procedure.
Since the first clinical trial in 1979, hyperosmolar BBB opening has been used to improve the delivery of anticancer drugs across the BBB to brain tumors. 75, 77, 78 Despite favorable results obtained in some patients with brain tumors, it does not seem feasible to extend this type of treatment to epileptic patients. Seizures occur 7% of the time during hyperosmotic BBB opening in cancer patients who were previously seizure-free. 75 Some studies report an even higher incidence: seizures began directly following opening of the BBB in 25% of the procedures delivering mannitol in combination with chemotherapy, whereas chemotherapy alone was not associated with any observations of seizures. 79 In a recent study using chronic epileptic rats, disruption of the BBB with mannitol once a day for 3 days significantly intensified seizure incidence, compared with the number of seizures observed prior to treatment. 80 Although none of these studies have directly investigated the delivery of AEDs to the brain in combination with hyperosmolar BBB opening, the fact that the procedure itself can generate seizures does not make it a promising mode of treatment for these patients.
DIRECT DRUG DELIVERY
Intracerebroventricular administration
As an alternative to modifying drugs or the BBB, drugs can be directly delivered behind the BBB. In intracerebroventricular administration, drug is introduced directly into the CSF, often through an outlet catheter leading from an implantable reservoir (such as the Ommaya reservoir) or a pump. Compared with the reservoir, the pump approach is more favorable, because it can achieve a continuous, elevated concentration of drug in the CSF. 81 By administering the drug directly into the CSF, problems associated with intravenous delivery, such as systemic toxicity, metabolism of the drug in serum, and opsonization by serum proteins, can be diminished; however, this mode of delivery also has problems. Despite the improvement in drug concentration and half-life in the CSF, drug penetration into the brain parenchyma is restricted, with more localization at the ependymal cells lining the ventricles (FIG. 7) . Although intracerebroventricular administration may be quite useful in applications that require the local deposition of drug at the ependymal surface of the brain, 82 it is less useful for delivery to cells far from the ependymal surface.
Drug molecules move from CSF to brain parenchyma by diffusion, which is a slow process. To enter the parenchyma, drugs in the CSF first must navigate through barriers composed of ependymal cells and astrocytes. 83 Movement in the parenchyma is also by diffusion: the high tortuosity and restricted pore size of the extracellular space greatly slows movement of drug. 84 In addition, it takes only 4 to 5 h for CSF to be cycled through the ventricular system, upon which it exits the brain by bulk flow into the systemic circulation. 85 Various studies have noted the presence of drug in the plasma after intracerebroventricular bolus injection, suggesting that some drug will exit the CSF before it can accumulate in brain tissue. [86] [87] [88] Loss of drug into the blood has the potential to decrease both the efficiency of delivery and the therapeutic effects, because the BBB has to be crossed for drugs to reenter the brain. In contrast to bolus intracerebroventricular injections, continuous intracerebroventricular infusions may allow for greater drug dispersion throughout the brain parenchyma, less spillover back into the systemic circulation, and therefore less systemic toxicity. 89 On the other hand, any intracerebroventricular technique is invasive, and carries both a risk of infection and a tendency to increase intracranial pressure through fluid injection. 90, 91 Several studies have administered AEDs by the intracerebroventricular route, with varying degrees of success. Using the rat kindling epilepsy model, VPA was delivered by either a continuous 7-day intracerebroventricular infusion, an intracerebroventricular injection, or an intraperitoneal injection. 89 In general, the intracerebroventricular injection produced the highest concentrations of VPA in the CSF and ipsilateral portion of the brain, whereas the intraperitoneal injection and intracerebroventricular infusion resulted in lower, more homogeneous concentrations in the CSF and brain. Some of the VPA did exit the CSF after the intracerebroventricular injection and infusion to appear in the plasma and liver, but these amounts were much lower than after intraperitoneal injection. Administering low amounts of VPA continuously over 7 days served to reduce the incidence of toxic effects in the case of intracerebroventricular infusion, as opposed to the injection routes, which were associated with increased ataxia and sedation. All three administration techniques were able to control generalized and focal seizures, but continuous intracerebroventricular infusion of VPA is the most attractive because it achieved significant anticonvulsant effects with minimal toxicity.
A similar test of intracerebroventricular delivery was conducted with delivery of gabapentin or saline continuously to the ventricles for 5 days using a bilateral osmotic pump; the effectiveness of this approach was assessed by its ability to suppress flurothyl-induced seizures in rats. 92 Methylene blue dye was added to the saline solution to visualize the approximate fluid volume of distribution. On the fifth day of infusion, the dye had spread to both hemispheres of the brain, but was localized mainly in the periventricular white matter and the ipsilateral cortex. Gabapentin concentrations in the blood were less than 1 g/mL.
92 Treatment with intracerebroventricular infusion of gabapentin increased the time for generalized tonic-clonic seizures to appear as a result of flurothyl addition, compared with control rats (338.0 Ϯ 89.9 s vs 295.8 Ϯ 58.8 s).
Intracerebral administration
An alternative to delivering AEDs into the ventricles is to deliver them directly to the brain parenchyma through an implant or injection. Adenosine was injected into the seizure focus or the ventricles to investigate the antiepileptic effects of these delivery strategies, after seizure onset from an intracerebral injection of penicillin. 93 The intracerebroventricular injection of 100 g adenosine reduced the mean spike frequency, but not amplitude, approximately 20 min after administration. In contrast, local injection of the same amount of adenosine resulted in a decline in both the mean spike frequency and amplitude to a greater degree after 20 min, with increasing antiepileptic effects up until 45 min after administration. These results suggest that local injection of adenosine is more desirable than intracerebroventricular injected adenosine, because of its enhanced anticonvulsant effects.
The main advantages of intracranial administration are bypass of the BBB, decreased systemic toxicity, and direct targeting of the seizure focus. 93 As already mentioned, drugs maneuver through the brain parenchyma via diffusion, which is limited by the charge and size of the molecule, and also by the tortuosity and hindrance of the brain interstitial space. The resulting sluggish diffusion, combined with elimination mechanisms such as degradation and metabolism, causes concentrations of drug to drop with distance from the implant or injection site. 94 For a polyanhydride implant containing carmustine, significant concentrations of drug were limited to only 3 mm away from the disk, 95 whereas concentrations associated with the injection of free carmustine decreased to negligible amounts within just 1 mm from the administration site. 96 Intracranial implants and injections also differ with respect to the time course of the drug concentrations; implants can achieve a longer time period of drug exposure due to the sustained release from a matrix, as opposed to injection, which delivers a finite amount of drug all at once. Using NPs that provide controlled release, the time course for drugs delivered via injections can be increased.
Polymers have been the most popular type of material used in constructing drug-releasing implants. Typically, biodegradable polymers including polyanhydrides, such as poly[bis(p-carboxyphenoxy)propane]-sebacic acid, and polyesters, such as polylactic acid, polyglycolic acid, and PLGA, have been used as intracranial implants for delivering chemotherapeutic drugs. 97 In addition, anticancer drugs have been delivered through intracranial implants made of nondegradable polymers, the most popular being poly(ethylene-co-vinyl acetate) 97 ; however, the use of nondegradable implants creates a permanent foreign object that may elicit a response and can be removed only with another surgery.
Implants have been used for delivery of AEDs. Polymeric matrices with and without gamma-aminobutyric acid (GABA) were implanted near the substantia nigra in both hemispheres of the rat brain to observe effects in the amygdala kindled epilepsy model. 98 In response to electrical stimulation, rats with GABA-releasing matrices experienced lower seizure grades (i.e., less rigorous seizures) compared with control rats on the second day after introduction of the implant; however, the GABA levels dropped so low on the 7th day after implantation that the antiepileptic effects of the drug-loaded matrices were greatly reduced.
Polymeric matrices loaded with thyrotropin-releasing hormone (TRH) have been implanted into the amygdala of kindled rats. 99 (TRH is not a traditional AED, but has had some success in animal models of epilepsy through eliciting temporary anticonvulsive effects.) In the rats receiving TRH from the implant, the progress of the kindling procedure was hindered; specifically, the amount of electrical stimulations and time necessary to advance through each kindling stage was increased in rats given TRH-releasing disks. Some antiepileptic effects persisted even at 50 days after implantation.
In another study, phenytoin was encapsulated into a nonbiodegradable, controlled-release polymer that was implanted 1-2 mm deep into the cortex in rats. 100 The rats receiving phenytoin from the implant showed a significant decrease in the prevalence of spikes appearing in the electrocorticographs, compared with the control group, when seizures were induced by the addition of cobalt chloride to the cortex. Although not directly shown, the phenytoin implant was designed to release the drug for up to 3.5 years. This duration of release is technically achievable for implants with a number of agents: for example, the Norplant system (Leiras Oy, Turku, Finland) releases contraceptive steroids for over 5 years and small protein-loaded implants can release protein for over 2 years. 101 Recently, bioceramic materials have been investigated as implantable, sustained release delivery vehicles for AEDs.
A sol-gel titania (TiO 2 ) reservoir containing VPA was implanted into the basolateral amygdala in kindled rats. 102 Upon histological examination after 12 months, the titania devices appeared intact and showed no evidence of neuronal injury. Reservoirs containing the lowest dose of VPA, 200 mg per 20 g of titania, shielded rats from pentylenetetrazol-induced seizures compared with controls for up to 5 months after implantation. A titania reservoir containing phenytoin has also been tested, with similar histological results
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; the device exhibited biocompatibility and did not cause any damage to proximate neurons when placed in the temporal lobe of Wistar rats. However, the anticonvulsive activity of phenytoin was not assessed.
Direct intracerebral delivery may allow use of new classes of drugs. Within the last few years, several groups have injected a variety of AEDs intracerebrally, and observed their effects in animal models of epilepsy. Progesterone, a GABA agonist, and tiagabine, a selective inhibitor that prevents reuptake of GABA, were injected bilaterally into the hippocampus and tested for their ability to prevent absence seizures in the WAG/Rij (Wistar Albino Glaxo from Rijswijk) rat model of epilepsy. 104 Up to 60 min after direct injection into the hippocampus, both progesterone and tiagabine proved effective in decreasing the incidence of spike-wave discharges in the absence seizure rats without inducing any adverse effects.
The amygdala kindled rat model of epilepsy was used to test the direct injection of lidocaine, which briefly suppresses neuronal activity, into both sides of the rat hippocampus. 105 The local injection of lidocaine into the hippocampus produced anticonvulsive effects by reducing the severity of seizures and slowing the speed at which the kindling process progressed. In another study, adenosine was injected into the left hippocampus of rats and studied for its effects on seizures induced by bicuculline methiodide. 106 Focal injection of adenosine elicited some control of seizures that was observed as a decrease in the occurrence of epileptiform electrical activity, specifically total spikes and ictal events, on the electroencephalogram. There have been instances, however, in which intracerebral administration has not been proven to be effective. For example, when muscimol, a GABA receptor agonist, was delivered intracraniallyand phenobarbital was delivered both intracranially and systemically-only the intraperitoneal injection of 15 mg/kg of phenobarbital produced nearly complete elimination of sound-induced seizures in audiogenic Wistar rats, and did not cause any adverse effects. 
Convection-enhanced delivery
Convection-enhanced delivery (CED) was developed as an alternative to intraparenchymal injections to enhance drug distribution throughout the brain. 108 In CED, a drug solution is gradually infused into a catheter placed locally in the brain interstitial space, which causes con-vective as well as diffusive movement of drug due to an externally applied pressure source. The typical CED apparatus is made of a small catheter connected to a pump. 109 Pressure created by the pump causes fluid to flow out of the catheter and into the brain interstitium. As a result of flow, which carries molecules into the brain more rapidly than diffusion, the distribution volume of drug in the brain is enlarged, compared with the volume under intraparenchymal injection and implantation. Experimental work to date suggests some general principles for CED operation. Smaller molecules tend to travel a greater distance than larger molecules or particles. 110 Molecules with a neutral or negative charge, or liposomes coated with either PEG or bovine serum albumin, exhibit a larger distribution volume in the brain than positively charged agents of the same size. 20 Convection-enhanced delivery provides a way to treat a seizure focus locally, avoiding the BBB and reducing systemic toxicity. Despite these advantages, CED has drawbacks. The high pressures associated with convective flow can cause fluid to flow back along the outside of the catheter, typically either into the subarachnoid space or into white matter tracts, which have a lower resistance to flow than do gray matter regions. 111 These inadvertent flows cause inefficient drug delivery. In addition, poor placement of the catheter within the brain can lead to tissue injury and the presence of air bubbles. 112 With traditional catheters, which have outlets at the leading edge, introduction into the brain can create a tissue plug within the catheter outlet, which blocks fluid flow. Recently, microfluidic devices have been developed with a fluid outlet on the side of the device that is perpendicular to the direction of insertion, which decreases the extent of tissue damage and backflow. 113 In the past few years, some groups have explored CED methods as a possible treatment for epilepsy. Muscimol was delivered into the hippocampus of rhesus monkeys to test the safety and efficacy of CED. 114 Muscimol was distributed throughout the ipsilateral hippocampus and medial temporal lobe, whereas little muscimol was found in venous blood. Neurological function appeared normal after the monkeys received either the vehicle alone or the lowest amount of muscimol, 0.125 mmol/L; however, increasing the muscimol concentration to 0.5 mmol/L and 1 mmol/L caused transient sedation. Histological results showed a small amount of gliosis directly surrounding the catheter, but no other problems. Although this study suggests that CED to the hippocampus is safe, further work is needed to determine the antiepileptic efficacy of muscimol delivered by CED.
In another study, -conotoxin GVIA (isolated from Conus geographus cone snail) and -conotoxin MVIIA (isolated from C. magus) were delivered with CED to the basolateral amygdala of kindled rats. 108 Both peptides are antagonists of N-type calcium channels, which have been found to elicit anticonvulsant effects in brain slices. Twenty-minute infusions of either drug resulted in antiepileptic activity that lasted for approximately 1 week and peaked at 2 days after infusion. The only toxic effects occurring from the use of these drugs were tremors associated with the maximum doses (0.5 nmol per infusion). This study shows that CED can be both safe and effective for treating seizures.
CONCLUSION
The BBB is the major factor limiting the efficacy of the typical AED treatments, which has inspired the creation of new strategies to increase the penetration and persistence of AEDs in the brain parenchyma. First, drugs have been encapsulated into delivery systems enhanced with stealth polymers for increased circulation and ligands for targeting specific locations. Second, prodrugs have been developed through the addition of cleavable moieties that render the free drug inactive until the target destination has been reached. Third, alteration of the BBB has been achieved through the inhibition of efflux pumps or through the addition of hyperosmolar substances to increase the permeability through brain capillary endothelial cells. (Disruption of the BBB is not recommended for use in epileptic patients, however, because the procedure itself results in seizures.) Fourth, direct delivery of drugs to the ventricles or brain parenchyma has the potential to increase the delivery of AEDs to the brain by bypassing the BBB altogether.
Each of the four approaches has advantages and disadvantages. Some drug delivery systems are capable of sustained release, which reduce the frequency of administration. Drug delivery systems and prodrugs are both capable of penetrating the BBB, although no drug delivery systems have yet been translated to clinical useperhaps because of difficulty in achieving the penetration of a sufficient fraction of the particulate dose to yield efficacy without adverse effects in other tissues. Alterations of the BBB, particularly osmotic opening of the barrier, are risky. For example, inhibition of efflux pumps as a treatment for epilepsy remains controversial. Although there has been some initial success with this technique, it is not yet clear whether most AEDs are valid substrates for Pgp, MRPs, and BCRP, and more specific inhibitors need to be developed.
Drug delivery systems, prodrugs, and alterations of the BBB all share the disadvantage that they require the transport of drugs across the BBB; it remains difficult to design truly specific BBB transport enhancers that do not also act on vessels in other tissues. Direct delivery circumvents the need for BBB crossing by administering drugs directly into the ventricles or cortex. Of the direct drug delivery strategies, intracerebroventricular administration is the least efficient due to limited drug pene-tration from the CSF to the brain (with more localization at the ependymal surface) and spillover back into the systemic circulation. Both intracerebral administration and CED are more desirable, because direct targeting of the seizure focus and greater concentrations of drug in the brain parenchyma can be achieved. Convection-enhanced delivery has an additional advantage over intracerebral administration in that convective flow increases the volume of drug distribution in the brain. On the other hand, the high pressures required for CED can cause backflow along the catheter, resulting in inefficient drug delivery, and may cause mechanical damage to tissue.
These novel alternatives to traditional oral and intravenous delivery methods will undoubtedly lead to more effective treatments for patients with epilepsy in the future. Prodrugs have already had a substantial influence on clinical treatments of brain disease. Drug delivery systems are already available for treating some diseases, such as cancer, and progress in this area for epilepsy is possible over the next 5 years. Direct delivery methods are already used routinely for brain tumor therapy and could be developed for epilepsy within the next 5 years. It is more difficult to predict the future of methods for BBB alteration.
With the constellation of technologies available, a coordinated effort among basic scientists, bioengineers, and clinicians could bring safer and more effective treatments to epilepsy patients.
